ABSTRACT
The purpose of this project is to develop crash modification factors (CMFs) for the 2 implementation of Flashing Yellow Arrow (FYA) based on the specific before and after period 3 conditions of a signalized intersection. Although this countermeasure has been used for years in 4
North Carolina and other States, none of the published studies to-date have provided CMFs for 5 left turn crashes specific to the treated approaches, and none have provided CMFs for the three-6 section FYA for permissive only left turns. 7
Crash data from 222 intersections in North Carolina with FYA-protected/permissive left 8 turn (FYA-PPLT) and/or three-section FYA-permissive only left turn installations were used to 9
provide CMFs for five Category types: Category 1 (Permissive Only to FYA-PPLT), Category 2 10 (Protected Only to FYA-PPLT), Category 2A (Protected Only to FYA-PPLT with Time of Day 11 Operation), Category 3 (5-Section PPLT to FYA-PPLT), and Category 4 (Permissive Only to 12 FYA-Permissive Only). A before and after crash analysis with consideration for traffic increase 13 was used to determine the safety estimates. Safety performance functions were used to account 14 for the effect of traffic volume trends. 15
Readers may be most interested in Category 3 and 4, where the change is exclusive to 16 the left turn display and not a change in phasing. assessed the safety and operational characteristics of a variety of different displays to identify the 4 "best" traffic signal display for protected/permissive left turn (PPLT) control (1) . Photographic 5 driver studies showed flashing indications were understood better than steady indications, and 6 circular green indication had the lowest level of driver comprehension (nearly 50%) of all PPLT 7 displays studied. The researchers performed field testing of the FYA at 15 intersections across 8 the U.S. The results of before and after field conflict data showed no differences attributable to 9 the change from the circular green indication to the FYA display. Based on all data collected, 10 the researchers concluded the FYA has the most versatile characteristics and offers the highest 11 level of safety. 
METHODOLOGY

22
A before and after crash analysis with consideration for traffic increase was used to calculate the 23 CMFs. Highway Safety Manual (HSM) safety performance functions (SPFs) for urban and 24 suburban intersections were used to determine the effect of traffic volume trends on predicted 25 crash frequency (7). SPFs provide an exponential form for relating volumes with expected 26 crashes. The SPFs were used to create adjustment factors that incorporate the separate effects for 27
Annual Average Daily Traffic (AADT) on the major and minor road legs in the before and after 28 periods at each site. The before crash frequencies were multiplied by the ratio of after SPF 29 predictions to before SPF predictions to obtain the expected number of after crashes. 30
The analysis does not account for selection bias or non-volume time trends, and does not 31 address the threat of regression to the mean. Regression to the mean is the presumption that a 32 site will return to its long-term mean crash frequency after an extraordinarily high or low period. 33
Empirical Bayes before-and-after analysis, one of the techniques used to account for these 34 potential deficiencies, was considered but not used for our study based on the following: 35 36
• Most sites were selected for treatment based on operational concerns or other non-safety 37 issues. The average number of target crashes per year per intersection in the before 38 period is small, only 1.08 crashes, which based on experience with urban signals in North 39
Carolina suggests crash history was not a factor in treatment selection at many sites. 40
Also, approximately 20 percent of signalized intersections in North Carolina currently 41 use FYA or are planned for FYA in the near future. Therefore, we feel the bias due to 42 regression to the mean was not evident in the selection of the treated locations. 43
• The Empirical Bayes approach requires the use of a reference group of sites similar to the 44 treated ones but not receiving the treatment to account for changes in crashes unrelated to 45 the treatment. Due to the large size of the treatment group, we decided the compilation 46 and analysis of an adequate reference group of similar intersections located within the 1 vicinity of the treatment sites (but not affected by the treatment or undergoing changes in 2 the study periods) was not feasible for our study. Also, it would be a feat to obtain target 3 crashes from any potential reference group because it entails the manual review of crash 4 reports to identify the "true" left turn targets (our efforts to assemble target crashes are 5 explained later in this section). 6 7
The crash analysis was performed for each intersection using the North Carolina Traffic 8
Records Database, which at the time of the study contained all reported crashes in the State from 9 1990 through November 30, 2013. The FYA installation dates varied from 2006 through 2011, 10 so the period analyzed for each location varied according to when the treatment was installed. 11
The before period consisted of three years of data, and the after period varied from two to three 12 years at each site. The crash analyses were terminated before other known countermeasures 13
were implemented. The data consisted of all crashes within 150 feet of the treated intersections. 14 Injury crashes included fatal and nonfatal injury crashes combined. The current reporting 15 threshold for crashes in North Carolina is $1,000. 16
Determination of target crashes required careful review of the crash data. We selected 17
and reviewed every crash coded to four crash types: left turn same roadway (LTSR), left turn 18 different roadway (LTDR), angle, and head on. Our target crash type is LTSR but it was 19 necessary to include the additional crash types in our review because 45 percent of target crashes 20
were comprised of crashes coded as LTDR, angle and head on when testing a subset of the sites. 21
Had only the crashes coded as LTSR been selected to determine the target group, the results may 22 have been very misleading. The selected crashes were reviewed to determine if they involved a 23 left turning vehicle, if the vehicle was on an approach receiving the FYA, and if so, the category 24 type on that approach. Also, if TOD operation was present, the day of the week and time of the 25 crash were reviewed to determine if the crash occurred at a time when FYA was in operation. 26 27
Site Selection
28
As of late 2013, 1,625 FYA installations were in design, transmitted, or installed throughout 29
North Carolina. Figure 2 shows the process we used for selecting our study sites. The number 30 of sites in each group is listed in parenthesis. Over 600 sites were manually reviewed for 31 inclusion in the study. All signal files dated within a site's study time periods were scanned to 32 determine the category type and if major changes were made besides the FYA installation. 33 222 sites with no other documented changes and with readily accessible crash data were 34 included in the study. A thorough review of signal plans was conducted to exclude sites where 35 other treatments were implemented during the 'before' or 'after' period that may influence the 36 results. We acknowledge that some changes (such as certain timing changes, system tweaks, or 37 law enforcement programs) not documented in plans or maps may still have occurred. Keeping 38 the before and after time periods to a maximum of three years may help minimize the number of 39 other changes that generally happen over time. 40 41 Some of the reasons for excluding treatment sites include: 42
• Intersection geometry changes or roadway widening 43
• Offsetting left turn lanes 44
• Phasing changes (unrelated to the FYA) 45
• Speed limit changes 46
• Other countermeasures implemented 1
• No signal plans found 2 3
Sites were grouped based on whether or not a TOD plan was in operation. If alternate 4 phasing plans were listed on a signal plan, the local traffic engineer was contacted to determine if 5 TOD operation is utilized and to obtain the time periods of operation. Most sites with TOD 6 operation employ FYA during off peak hours (generally 9 pm -6 am) and operate fully 7 protected the remainder of the day. Very few sites in the study utilize TOD operation, although 8 this option is beginning to be used more frequently. The only category with sites using TOD 9 operation was Category 2, and there was a sufficient sample to create Category 2A for this sub-10 group. The remainder of sites in the study use FYA 24-7. 11
Sites were further categorized based on the before and after period conditions of each 12 approach. Intersections with only a single category type on one or more legs were separated 13 from intersections where combinations of category types were employed across the legs. Figure  14  3 
RESULTS
28
The results are provided separately by category because each type is a separate countermeasure 29 (some change phasing as well as left turn display) and result in varying crash outcomes. Category 2 -Protected Only to FYA-PPLT 11 Table 3 provides summary statistics for Category 2. Table 5 provides summary statistics for Category 2A. Table 6 presents the results of the crash 20 analysis for Category 2A. As mentioned earlier, when TOD operation was present, the day of 21 the week and time of the crash were reviewed. Only left turn crashes that occurred at a time 22
when FYA was in operation were included as target crashes. Results which are not statistical 23 significant at the 5% level, but are statistically significant at the 10% level are shown in italic. 24
For these results, a larger sample is required to detect the same level of effect with 95 percent 25 certainty. 26
For the 13 intersections (28 treated legs) exclusively receiving a Category 2A FYA, the 27 results of the crash analysis yield a 10 percent reduction in total crashes, a 7 percent reduction in 28 total injury crashes, and a 173 percent increase in target crashes. For the 34 treated legs 29 exclusively receiving a Category 2A FYA, the results yield a 173 percent increase in target 30 crashes. 31 32 Category 3 -5-Section PPLT to FYA-PPLT 33 Table 7 provides summary statistics for Category 3. Table 9 provides summary statistics for Category 4. Table 10 presents the results of the crash  42 analysis for Category 4. For the 9 intersections (14 treated legs) exclusively receiving a 43
Category 4 FYA, the results of the crash analysis yield an 11 percent reduction in total crashes, a 44 31 percent reduction in total injury crashes, and a 59 percent reduction in target crashes. For the 45 64 treated legs receiving a Category 4 FYA, the results yield a 50 percent reduction in target 46 crashes. All results except total crashes are statistically significant at the 5% level. 47
The ample number of FYA sites that have been employed in North Carolina allowed us to  2 analyze a large amount of crash data. All CMF results are statistically significant for Category 3 3
(5-Section PPLT to FYA-PPLT) and target and injury CMF results are statistically significant for 4
Category 4 (Permissive Only to FYA-Permissive Only). Finding meaningful results from these 5 two groups was a main objective of our study. Based on the results from the Category 3 and 4 6 sites, we find a statistically significant decrease in target left turn crashes and injury crashes 7 when going from a solid green ball to a FYA for permissive left turns when phasing remains 8
unchanged. This applies regardless of whether the left phasing is protected/permissive or fully 9
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